Normal aging of the brain differs from pathological conditions and is associated with increased risk for psychiatric and neurological disorders. In addition to its role in the etiology and treatment of mood disorders, altered serotonin (5-HT) signaling is considered a contributing factor to aging; however, no causative role has been identified in aging. We hypothesized that a deregulation of the 5-HT system would reveal its contribution to agerelated processes and investigated behavioral and molecular changes throughout adult life in mice lacking the regulatory presynaptic 5-HT 1B receptor (5-HT 1B R), a candidate gene for 5-HTmediated age-related functions. We show that the lack of 5-HT 1B R (Htr1b KO mice) induced an early age-related motor decline and resulted in decreased longevity. Analysis of life-long transcriptome changes revealed an early and global shift of the gene expression signature of aging in the brain of Htr1b KO mice. Moreover, molecular changes reached an apparent maximum effect at 18-months in Htr1b KO mice, corresponding to the onset of early death in that group. A comparative analysis with our previous characterization of aging in the human brain revealed a phylogenetic conservation of age-effect from mice to humans, and confirmed the early onset of molecular aging in Htr1b KO mice. Potential mechanisms appear independent of known central mechanisms (Bdnf, inflammation), but may include interactions with previously identified age-related systems (IGF-1, sirtuins). In summary, our findings suggest that the onset of age-related events can be influenced by altered 5-HT function, thus identifying 5-HT as a modulator of brain aging, and suggesting age-related consequences to chronic manipulation of 5-HT.
Introduction
Aging leads to morphological [1] [2] [3] [4] [5] and functional [6] [7] [8] [9] changes in the brain and is associated with increased risk for psychiatric and neurological disorders. [10] [11] [12] [13] However, the mechanisms underlying normal aging of the brain likely differ from those associated with neurodegenerative and pathological conditions and are still poorly understood. 14 Several lines of evidence suggest a role for 5-HT during aging, including structural and functional age-related changes in the 5-HT system in rodents [15] [16] [17] and in humans, as documented by post-mortem receptor binding studies, [18] [19] [20] RNA level studies, 21 in vivo imaging studies 22 and neuroendocrine challenges. 10 Depending on the brain region investigated, the 5-HT modulation of cerebral glucose metabolism increases or decreases during normal aging, suggesting a deregulated control of 5-HT 23 (see also 24 ). The mechanisms for age-related changes in 5-HT function are not known and may include gene variants, pharmacological manipulation in adult/old population or late-onset functional declines. Based on converging roles in energy metabolism, cellular signaling pathways and synaptic plasticity, interactions between 5-HT, neurotrophic function (brain-derived neurotrophic factor, Bdnf) and insulin-like growth factor (IGF) have been proposed as potential determinants of homeostasis and health during aging. 25 Therefore, due to the critical role of 5-HT in mood regulation, age-related changes in 5-HT function are considered a risk factor for developing mood disorders in older subjects. 12 A candidate gene for deregulated 5-HT control in aging is the 5HT 1B receptor (5HT 1B R). 26 5HT 1B R is the predominant presynaptic autoreceptor modulating 5-HT release in the brain. 27 Decrease in 5HT 1B R function, and not in its somatodendritic counterpart (5HT 1A R), has been reported in aged rodents, 26 consistently with the role of this receptor subtype in motor function 28 and with the well-characterized decline in motor function during aging. As aging can be viewed as the accumulation of a variety of events that together create a chronic challenge to the brain, and since 5-HT is a key factor for adaptation to stress, 29 we hypothesized that a central deregulation of the 5-HT system in Htr1b KO mice would affect the brain response to this challenge and reveal the contribution of 5-HT to age-related processes. Accordingly, inactivation of 5HT 1B R in Htr1b KO mice 30 results in mostly normal baseline, but altered 5-HT kinetics upon recruitment of the 5-HT system (i.e. increased release and higher synaptic levels), as revealed by pharmacological challenges and microdialysis studies. 27, 31, 32 Here we addressed the issue of causality versus correlation between 5-HT and aging, by investigating age-related behavioral and molecular changes as a result of the disruption of serotonin signaling through the 5HT 1B R in Htr1b KO mice. We now show that the lack of 5HT 1B R-mediated signaling induced both an early age-related motor decline and a global early shift of the characteristic gene expression signature of aging in the brain, ultimately resulting in decreased longevity, thus identifying 5-HT as a modulator of brain aging.
Materials and methods

Animals
All animals were raised under standard conditions: temperature 21721C, controlled humidity 20-25%, 12:12 photoperiod with lights on at 20:00 to test animals during their scotophase. Food and water were available ad libitum. Weaning took place at 2171 days. At this age, animals were ear-punched and genotyped. Littermate wild-type (WT) and Htr1b KO mice were used for all behavior and microarray experiments, with the exception of animals used for the 3-month time point microarray analysis and for the serum-level measurements. These latter groups were no more than two generations away from heterozygous breeding. To avoid putative confounding effects of the previously reported increased aggressiveness of Htr1b KO mice, 30 WT and knockout (KO) mice were housed under reduced cage density, resulting in normal or low intra-cage aggression in both experimental groups, as revealed by the absence of bite marks or wounds. All experiments were conducted in accordance with the European Communities Council Directive of 24 November 1986 (86/ 609/EEC) and with the University of Pittsburgh Animal Care and Use Committee.
Behavior
Separate groups of mice were tested at the age of 2, 6, 12 and 18 months, although all animals were generated and born approximately at the same time. This means that all animals were submitted to a battery of tests only once, according to the following schedule: open field, elevated-plus maze, rotarod and coat hanger tests. At least 1 week separated two different tests. Rotarod. The apparatus consisted of a rotating horizontal rod located 25 cm above the floor. A fixed and relatively slow rotating speed was chosen (10 revolution per minute) to increase the sensitivity of this assay at older ages. One block of 10 trials was applied with an inter-trial interval of 10 min. The latency before falling was recorded with a cut-off point of 60 s.
Coat hanger. The triangular-shaped apparatus consisted of a horizontal steel wire (diameter: 2 mm, length: 41 cm) flanked at each end by two sidebars (length: 19 cm; inclination: 351 from the horizontal axis). 33 The horizontal bar was placed at a 45 cm height from the floor. The mice were placed upsidedown in the middle of the horizontal wire and released only after gripping with all four paws. Latency before falling was recorded. A trial ended when the mice fell or reached the top of the apparatus, from which it was retrieved and the maximal score of 1 min given for latencies before falling. A block of five consecutive trials was applied with a 15-min intertrial interval and a 1-min cut-off period per trial.
All behavioral assays were analyzed by analysis of variance (ANOVA) with age and genotype as fixed factors.
Enzyme-linked immunosorbent assays
Blood samples were collected, clotted and centrifuged at room temperature to obtain serum samples, Serotonin 1B receptor and aging E Sibille et al which were aliquoted into microcentrifuge tubes and stored at À201C. Serum samples were thawed and diluted in duplicate, and quantitative determination of mouse serum albumin and immunoglobulin (IgG) (Alpha Diagnostic International, San Antonio, TX, USA), IGF-1 (Quantikine, R&D Systems, Inc., Minneapolis, MN, USA) and insulin (Crystal Chem Inc., Downers Grove, IL, USA) were measured using their respective enzyme-linked immunosorbent assay (ELI-SA) kits according to specific manufacturer instructions. Within 30 min of terminating each reaction assay, optical densities were measured on an ELISA plate reader (SpectraMax Gemini XS, Molecular Devices Corp, Sunnyvale, CA, USA) at a wavelength of 450 nm. Mean absorbance for each duplicate sample was compared with standard curves to obtain concentration values.
Intestinal histology
Small and large intestine were harvested, rinsed gently in saline to remove food and fecal material, and fixed in 4% buffered formaldehyde for 4 h. After washing twice in phosphate-buffered solution (PBS) for 10 min, tissue samples were then cryoprotected in 30% sucrose in PBS overnight at 41C. After paraffin embedding, tissues were sectioned at 10 mm using a sliding microtome, mounted on poly-lysine-coated slides, dried and stained with hematoxylin and eosin (Sigma, St Louis, MO, USA).
Immunocytochemistry
Small and large intestine were processed for 5-HT 1B R immunocytochemistry. After cryoprotection with sucrose, intestinal samples were frozen in optimum cutting temperature-embedding medium (Miles Laboratories, Elkhart, IN, USA), cut in 8 mm sections on a cryostat and thaw mounted on poly-lysine-coated slides. Tissue sections were re-hydrated in potassium-phosphate-buffered solution (KPBS) at room temperature, blocked with 10% normal goat serum and incubated overnight at 41C with a rabbit polyclonal IgG antibody to the rat 5-HT 1B R (Acris Antibodies, Hiddenhausen, Germany), diluted 1:100 in KPBS, 0.05% goat serum and 0.1% Triton X-100. This primary antibody recognizes rat, mouse and human epitopes corresponding to amino acids 8-26 and 263-278 of the rat 5-HT 1B R. The following day, slides were rinsed with KPBS three times and then incubated with a Cy3-conjugated goat anti-rabbit IgG secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) at room temperature for 2 h at a dilution of 1:800 in KPBS, 0.05% goat serum and 0.1% Triton X-100. Slides were washed three times with KPBS, coverslipped and imaged using an Olympus Fluoview 500 scanning confocal microscope in the Center for Biological Imaging at the University of Pittsburgh. Optimal antibody concentrations were determined by serial dilutions. Controls for the specificity of the antisera consisted of incubation of the tissue with normal rabbit serum substituted for the primary antiserum. Using this substitution, no nonspecific staining was seen. Positive control consisted of substituting mouse cortex (CTX) for intestinal tissue.
For the dopamine transporter (DAT), a similar protocol was applied on 20-mm post-fixed coronal brain sections incubated with a rat monoclonal anti-DAT antibody (Chemicon International Inc., Temecula, CA, USA) in the presence of avidin and biotin blocking solutions (Vector Laboratories, Burlingame, CA, USA). Slides were developed with the ABC kit (Vector Laboratories, Burlingame, CA, USA). Optimal development time was determined on parallel sections. All experimental samples were processed simultaneously with pairs of aged-matched WT and KO sections on the same slides. Optical densities were quantified with the ImageJ software (http:// rsb.info.nih.gov/ij/).
Microarray samples and processing
Mice were killed by cervical dislocation. Brains were split along the sagittal line, frozen in isopentane and stored at À801C. To collect samples, frozen brains were cut on a cryostat to the appropriate anatomical level where series of 1 or 2 mm diameter micropunches (Sample corer, Fine Science Tools, Foster City, CA, USA) were collected from frontal CTX and striatum (STR) and immediately stored in Trizol reagent (Invitrogen, Carlsbad, CA, USA). CTX samples were collected from prelimbic and cingulate cortices corresponding mostly to non-motor areas between figures 18 and 23 (Bregma B þ 2 to þ 1 mm) in the Paxinos-Franklin Mouse Brain Atlas. 34 Dorsal STR samples were collected starting at figure 23 in the same atlas (Bregma B þ 1 to 0 mm). Total RNA was extracted using the Trizol protocol, cleaned with Rneasy microcolumns (QIAGEN, Hilden, Germany), quantified and verified by chromatography using the Agilent Bioanalyzer system (Santa Clara, CA, USA). Microarray samples (n = 3-4 per age-, genotype-and brain regions; total, n = B60 arrays) were prepared according to the manufacturer's protocol. In brief, 2 mg of total RNA were reverse transcribed and converted into double-stranded complementary DNA (cDNA). A biotinylated cRNA was then transcribed in vitro, using an RNA polymerase T7 promoter site, which was introduced during the reverse transcription of RNA into cDNA. Twenty micrograms of fragmentedlabeled cRNA sample was hybridized onto MOE 430-2.0 Affymetrix oligonucleotide microarrays (Affymetrix, Santa Clara, CA, USA). A high-resolution image of the hybridization pattern on the probe array was obtained by laser scanning, and fluorescence intensity data were automatically stored in a raw file. To reduce the influence of technical variability, samples were randomly distributed at all experimental steps to avoid any simultaneous processing of related samples. For data extraction, single arrays were analyzed with the Affymetrix Microarray GCOS software. Microarray quality control parameters were as follows: noise (RawQ) < 5 
Array statistical analysis
For statistical analysis, probeset signal intensities were extracted with the robust multi-array average algorithm 35 (http://www.bioconductor.org).
The 45 101 probesets were reduced to B20 000 probesets after preprocessing and filtering (present calls X10%, coefficient of variation superior than 0.1 and averaged expression X20). The 3-month WT and KO groups were bred at a different experimental time and were not combined in a single large-scale analysis.
Denote by {x gkti } the expression intensities from microarray, where 1pgp45 101 labels indexes for genes (k = 0, 1), for genotype (k = 0: WT; k = 1: KO), t = 10, 18, 24 for age and i = 1, 2, 3, 4 for biological replicates. Genes with age-related expression changes were selected by the following three analytical procedures.
First, expression intensities of each gene g were fitted to a two-way ANOVA model in 10-, 18-and 24-month groups and WT and KO groups:
In the model, a represents the genotype effect, b the age-effect and g the interaction term.
Second, genotype differences were tested (twogroup t-tests) at 3 month of age for all genes identified in (1) and, Third, one-way ANOVA models within genotype groups (WT and KO) were fitted to genes identified in steps 1 and 2 to characterize the age-related effects in the respective WT or KO experimental groups:
The goal of the overall analysis was to use the profiles of expression of large groups of genes as an 'experimental assay' to identify and measure agerelated molecular effects, and to assess the cumulative effects of changes over groups of genes (i.e. correlation, functional analysis y). Therefore thresholds for gene selection were kept at medium stringencies (P < 0.01, changes greater than 20%). This approach has the advantage of allowing the investigation of such patterns, although the extent and levels of correlations may have been slightly underestimated.
Mouse-human age-effect correlation
We have previously reported changes in gene expression with age in the human prefrontal CTX using U133Plus-2.0 arrays. 36 Human orthologs of genes with age-effect in the mouse were identified between the MOE-430-2.0 and U133Plus-2.0 arrays using the NetAFFX webtools (Affymetrix, Santa Clara, CA, USA). In the case of multiple human probesets for a single-mouse probeset, the human probeset with the lowest age-related P-value was retained. Correlations of age-effects were calculated using log 2 ratio values. In rodents, the ratios were as described in the text and figures. For humans, the effect of age was calculated as the signal ratio between subjects over 65 years of age versus subjects under 30 years. 36 Similar results were obtained using different threshold criteria for gene selection in the mouse data sets (in Figure 2 : P < 0.001, changes greater than 20%). A similar approach was applied to assess correlations in transcriptome changes in CTX between Bdnf KO mice 37 and age-related profiles in Htr1b KO mice, as mouse probesets were directly comparable between the two studies.
Age-pattern correlation
To identify patterns of changes in gene expression in relationship to the occurrence of WT/KO behavioral differences (i.e. 10 and 18 months of age), correlation levels were systematically calculated between WT and Htr1b KO mice gene expression at the 10-and 18-month time points and all possible transcript profiles. Profiles were designed based on two groups (WT and Htr1b KO ), two time points (10-and 18 months) and three ordinal expression levels (high, medium and low) for a total of (3 2 ) 2 = 81 possible patterns. The analysis was limited to the 1097 genes with identified age-effects in either experimental groups. With the exception of a very few probesets (See Supplementary  Table S5 ), all identified genes were expressed at the same level at the 3-month time point. Ninety-nine percent of the genes had correlation levels greater or equal to 0.7 with at least one pattern. Patterns were then reduced to three major profiles: (i) initial WT/KO differences at 10 months or 'early' pattern, (ii) initial WT/KO differences at 18 months or 'late' pattern and (iii) overlapping profiles (no WT/KO differences). This approach was more comprehensive than simple group comparisons (i.e. difference or not at 10 or 18 months), although the vast majority of genes displayed correlation levels only with a very few patterns that corresponded closely to the profiles displayed for averaged values in Figure 5 .
Functional class scoring analysis
See details at http://www.bioinformatics.ubc.ca/ermineJ/. 38, 39 Rather than analyzing genes one at a time, gene functional class scoring gives scores to classes or groups of genes, representing the overall effect of age on these groups of genes. Gene groups were organized according to the Gene Ontology (GO) classification 40 and GO groups with greater than 200 or fewer than eight genes were screened out. GO groups were scored as described, 38 using age-related P-values as gene scores. Briefly, a raw score for each set of genes with a GO family or custom gene group is calculated as the mean of the negative log of the gene scores for all genes in each gene class. When a gene is represented more than once, only the best score is counted. The raw score is transformed into a P-value for age-effect on that group by comparing it to an empirically determined distribution of raw scores. This distribution is obtained by randomly generating gene classes of the same size as the class being tested; this is repeated 100 000 times to generate the distribution of scores expected if high gene scores are not concentrated in the class.
Real-time quantitative polymerase chain reaction
Real-time quantitative polymerase chain reaction (qPCR) was performed as described previously. 41 In brief, small PCR products (80-120 base-pairs) were amplified in quadruplets on an Opticon real-time PCR machine (MJ Research, Waltham, MA, USA), using universal PCR conditions (65C-59C touch-down, followed by 35 cycles (15 s at 95C, 10 s at 59C and 10 s at 72C)). cDNA (150 pg) was amplified in 20 ml reactions (0.3 Â Sybr-green, 3 mM MgCl 2 , 200 mm dNTPs, 200 mm primers, 0.5 unit Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA)). Primer dimers were assessed by amplifying primers without cDNA. Primers were retained if they produced no primer dimers or nonspecific signal only after 35 cycles. Results were calculated as relative intensity compared to actin.
In situ hybridization In situ hybridization was as described previously. 42, 43 Primers were designed using the primer 3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www. cgi) to amplify half of the gene-coding region and half of the 3 0 untranslated region of the Sirt5 cDNA (NM 178848; base-pairs 510-1144). Primers included SP6 and T7 RNA polymerase promoter tails for sense and antisense in vitro transcription from the amplified PCR products. PCR products were amplified from mouse brain cDNA and verified by sequence analysis. Labeled in vitro transcription was performed using the Ambion maxiscript kit (Ambion, Inc., Austin, TX, USA) in the presence of 35 S-CTP. Probes were purified using the Qiagen Rneasy kit (Qiagen, Inc., Valencia, CA, USA) and the amount of incorporated radioactivity was quantified on a liquid scintillation counter. In situ hybridization was performed on five coronal sections per mouse. Five mice were used per genotype and per age group (3, 6, 18 and 24 months) according to a standard protocol. 42, 43 Briefly, slides were incubated for 10 min at room temperature in 4% buffered paraformaldehyde, washed in 0.1 M PBS, serially dehydrated in increasing concentrations of ethanol, and then incubated in hybridization buffer overnight at 561C in the presence of antisense or sense probe (2 000 000 counts per slide). The following day, the slides were washed, RNAse treated, dried and exposed to film. Kodak BioMAx MR film intensities were determined to be optimal after a 4-day exposure. Images were standardized to C 14 standards (ARC-146A and ARC-146D; American Radiolabeled Chemicals, Inc, St Louis, MO, USA) and areas corresponding to CTX and STR were quantified using the Microcomputer Imaging Device analysis software (Imaging Research, London, ON, Canada).
Results
Early onset of age-related motor deficits and reduced longevity in Htr1b KO mice Htr1b KO mice presented no obvious developmental changes, 28, 30 exhibited a normal behavior in young adulthood (Figure 1a-d, 2 -month time points), but displayed an early onset of characteristic age-related motor decline, which became significant at 6 months of age in the rotarod test and at 12 months in the coat hanger test (Figure 1a and b) . Total activity in the open field and the elevated plus maze (EPM) tests were not different from WT controls and declined similarly with age (Figure 1c and d) . This early decline in motor behavior in Htr1b KO mice was not due to learning deficits, 44 as procedural learning curves were essentially parallel between genotypes (Figure 1e ). Consistent with previous reports, 28 
Htr1b
KO mice displayed normal anxiety-like behavior in young adulthood (Supplementary Figure S1) . Assessing the progression of anxiety-related behaviors over time revealed no age-related genotype difference, although the interpretation of these measurements was limited by the very low activity of older animals in both experimental groups in the challenging compartments of the behavioral apparatus (center of open field and open arms of the elevated-plus maze; Supplementary Figure S1 ).
The first death events occurred between 16 and 20 months of age in Htr1b KO mice and after 21 months of age in WT mice. Htr1b KO mice displayed significantly decreased longevity (P < 0.0001; Figure 1f ), with reductions in maximum (À14%) and average (À19%) life spans. The largest difference was observed at 30 months of age, where B60% of WT mice but only B5% of Htr1b KO mice were still alive. Inspection of complementary log-mortality plots ( Figure 1g ) and of a Cox proportional hazard model revealed that on average Htr1b KO mice had a 3.75-fold increase of hazard ratio (P < 0.0005). Our analysis also revealed that changes in hazard were time dependent, which means that the increase of hazard could be larger at some points but smaller at other times. However, the averaged slopes of the mortality curves were identical (WT: 0.159 (0.159-0.177), KO: 0.160 (0.160-0.177)) and the time-related differences in estimates were very small, as the Htr1b KO mortality curve was virtually superimposable on the WT curve ( Figure 1g , hatched curve). Thus, together these results demonstrated a shift of longevity and mortality curves toward earlier ages in Htr1b KO mice, and suggested a causative and modulatory role for 5-HT in age-related motor behavior and longevity.
The 'age-related' phenotype of Htr1b KO mice appears mediated by brain mechanisms The 5-HT 1B R is the main 5-HT presynaptic autoreceptor in the brain 27 and has limited functions in (Figure 2a) . Mild alopecia and kyphosis appeared in both genotypes after 2 years of age (not shown). Necropsy procedures revealed no genotype changes in organ's appearance or weight (not shown), including in kidney and lung, two organs with reported roles for 5-HT 1B R signaling. 45, 46 5-HT modulates gastrointestinal and immune functions, but the 5-HT 1B R plays little-to-no role in these systems. 47, 48 Correspondingly, 5-HT 1B R immunoreactivity was undetected in the intestinal tract (not shown) and no changes in colonic morphology were identified (Figure 2b ). ELISA immunoassays on serum obtained from young and old mice revealed normal albumin content (Figure 2c ), suggesting normal absorptive capacity in Htr1b KO mice as compared to controls. Due to the endocrine regulation of aging 49 and potential interaction with the 5-HT system, 25 we measured circulating levels of insulin and IGF-1. Both hormones displayed lower levels in young and old KO mice when compared to age-matched control mice (Figure 2c and d) , although these differences reached statistical significance only for insulin.
Serum levels for insulin increased with age in Htr1b KO mice, suggesting that the lower levels in young KO mice were not due to primary deficits in hormone production. The direction of changes also suggests that hormonal levels are not mediating the age-related phenotype of Htr1b KO mice for two reasons. First, increased levels above normal, rather than lower insulin levels, are associated with deleterious effects of aging. 50 Second, earlier studies in model organisms, 49 including mice, 51 predict a protective effect of decreased IGF-1 levels against aging.
Finally, an immunoassay for circulating IgG revealed a smaller age-related increase in IgG levels in serum of old KO mice (2.3-fold increase) versus agematched WT controls (9.1-fold increase; Figure 2f ), thus suggesting a reduced inflammatory load, or reduced recruitment of the immune system in aging Htr1b KO mice. Thus, combined with the limited functions of 5-HT 1B R in the periphery, these results suggested that the age-related behavioral phenotype and reduced longevity of Htr1b KO mice may have originated from a central deficiency.
Dopaminergic terminal density and area are not affected in old Htr1b
KO mice In the brain, 5-HT 1B R modulates the synaptic release of 5-HT in serotonergic projection fields, but also acts as a heterologous autoreceptor indirectly regulating 
0005). Hatched curve represents Htr1b
KO mortality curve superimposed on the WT curve (f and g, WT, n = 21; KO, n = 24).
Serotonin 1B receptor and aging E Sibille et al dopamine (DA) functions. Indeed, Htr1b KO mice displayed elevated basal DA levels and increased striatal overflow after cocaine challenge, 31 suggesting potential interactions between DA and the age-related motor phenotype. Using immunohistochemistry against the DA transporter, we found no differences in DA terminals density in the ventral or dorsal STR of young and old WT or KO mice (P > 0.5) (Figure 3a and b). DA terminal striatal areas were also unchanged between genotype groups (Figure 3c ). Representative figures and measurements are provided at the 18-month time point, long after the onset of behavioral differences (6-10 months of age) and corresponding to the time of early onset of death events in the KO group. Thus, together these results suggested that the early adulthood onset of the motor phenotype in Htr1b KO mice was not due to a structural downregulation of the DA system.
Altered gene expression in the brain of aging Htr1b
KO mice corresponds to 'normal' aging Altered 5-HT signaling in Htr1b KO mice could induce brain deficits that are detrimental to long-term brain homeostasis and survival and that are yet unrelated to age-related processes. Thus, as aging is accompanied by characteristic changes in gene expression in the brain, 36, 52, 53 we predicted that the 'molecular signature of aging' might occur earlier in Htr1b KO mice. To this goal we first investigated the nature of life-long gene expression changes in CTX and STR, two brain areas with well-characterized roles for the 5-HT 1B R, and then assessed putative differences in the trajectories of age-related changes in Htr1b KO mice. Roughly twice as many genes were affected in correlation with age in CTX of Htr1b KO mice, compared with WT mice, with fewer genes affected in STR in both experimental groups (Figure 4a ; Supplementary Tables S1 and S2). Despite a considerable overlap (especially in CTX), some genes were identified only in the WT or in the KO group, reflecting either the presence of different age-related effects, or the limitation of the analytical procedures at detecting milder effects in one or the other group. To address this question, we hypothesized that if selected genes were age related, then the overall changes in transcript levels should correlate across groups, regardless of whether genes passed statistical thresholds or not. Indeed, genes identified only in and IgG (f). (c-e): Young (3 months; WT, n = 5; KO, n = 5) and old (18 months; WT, n = 6; KO, n = 6). Statistical significance: main-age effects for albumin (F 1,22 = 10.2, P = 0.005), insulin (F 1,22 = 11.8, P < 0.005) and IgG (F 1,22 = 21.27, P < 0.001). Main genotype effect for albumin (F 1,22 = 4.4, P = 0.08), genotype * age interaction (F 1,22 = 9.2, P = 0.02). Main genotype effect for insulin (F 1,22 = 5.02, P < 0.05) and age-genotype interaction for IgG (F 3,22 = 6.5, P < 0.05). All other effects, P > 0.05. Post hoc tests; **P < 0.01, *P < 0.05. Error bars represent s.e.m. KO mice. Interestingly, correlations were the highest when comparing 18-month-old KO mice to 24-month-old WT mice (Figure 4c ), suggesting that Htr1b KO mice reached a pronounced age-effect earlier than WT mice. This 'maximum' age-effect corresponded to the period where death events started to occur in Htr1b KO mice (Figure 1f ).
Mouse-human phylogenetic conservation of age-effect in brain CTX
Comparing results to our previous study of the molecular correlates of aging in the human brain, 36 we identified highly significant correlations between age-related effects in WT or Htr1b KO mice and the two investigated areas of the human prefrontal CTX (Figure 4d-f) . Mouse-human correlations of ageeffects increased from 18 to 24 months in WT mice, but again were highest for 18-month-old Htr1b KO mice (Figure 4e ). Selected genes with conserved age-effects are displayed in Figure 4f and in the Supplementary Information (Supplementary Table S3) . Together, these results demonstrated a phylogenetic conservation of age-effect in mammalian CTX and confirmed the age-related nature and early peak of the brain molecular phenotype of Htr1b KO mice.
Early occurrence of the age-related gene expression signature in Htr1b KO mice With very few exceptions (see last paragraph), all identified genes were expressed at similar levels in WT and KO mice at 3 months of age ( Figure 5 , 3-month time point), indicating that the molecular correlates of the differential age-related phenotype in Htr1b KO mice were initiated later in adulthood, and consistently with the lack of behavioral differences in young adulthood. As predicted, investigating the appearance and progression of age-related changes revealed that over 98% of individual genes affected in CTX displayed early changes in Htr1b KO mice when compared to WT controls. Changes (25.6%) occurred initially at 10 months (Figure 5a and b, 'early' pattern) and 72.6% at 18 months of age ( Figure  5c and d, 'late' pattern). Likewise, over 97% of agerelated genes identified in STR displayed similar anticipated age-related profiles in Htr1b KO mice (not shown). This early onset of age-related pattern is illustrated for glial fibrillary acidic protein (Gfap; Figure 5e and f), a marker of age-and brain-related events 54 (i.e. inflammation), which displayed a 'late' pattern of changes, with initial WT-KO differences at 18 months of age.
The presence of different age-related patterns of changes in transcript levels raised the question as to whether specific biological functions were associated with these patterns, and could thus have mediated the early onset of behavioral changes in Htr1b KO mice. To address this question, we (a) systematically identified groups of related genes displaying high representation of age-affected genes, 36, 39 (b) compared results between WT and KO mice and (c) further investigated whether any of the identified gene groups displayed over-or under-representation of genes with changes occurring in parallel to the onset of behavioral differences (i.e. 'early' or 'late' patterns). The cumulative effect of aging on gene groups was assessed according to the GO classification 40 and is presented in a color-coded fashion for the 25 most affected gene groups in WT or Htr1b KO mice (Figure 5g and Supplementary Table S4 ). The nature of the identified gene groups revealed that very similar biological functions were affected during aging in WT and Htr1b KO mice, albeit with minor differences. Translation-related gene groups (blue bars in Figure 5g ) were prominent in both groups, but displayed increased 'ranked' representation in Htr1b KO mice, whereas the representation of inflammation-related gene groups (red bars in Figure 5g ) was decreased in Htr1b KO mice, in reminiscence of previous evidence suggesting reduced inflammation in the periphery (Figure 1e) . Results are presented for CTX and were highly similar in STR (not shown). Importantly, the proportion of genes with 'early' or 'late' onset of WT/KO changes differed only marginally from their expected proportions within the five main identified age-related functions ( Figure  5h) , with the exception of translation-related gene groups that displayed significantly more genes with late-onset differences. Genes with early WT/KO agerelated differences were slightly, but non-significantly, over-represented in inflammation-related functions.
Taken together, results from our temporal and functional analyses of age-related changes in gene expression did not identify any specific biological function as the potential source or mediator of the early onset of the age-related phenotype, but rather suggested a global and early shift of the molecular signature of aging in the brain of Htr1b KO mice. Correlation graphs between age-effects (LogR = log 2 Old/Young) in CTX between genes identified only in WT (n = 106, left), only in KO (n = 672, middle) and in both groups (n = 319, right). (c) Correlation levels (r) of age-effects between indicated WT and Htr1b KO age groups. All P < 0.0001 (d-f) Mouse/human age-effect comparison. (d) Age-effect correlation graph between genes identified in the mouse and for which age-related expression levels of orthologous genes were available in the human CTX. 36 Black dots indicate genes with most conserved age-effects that are likely to support a large proportion of the overall correlation (see (f) and Supplementary Table S3) . (e) Correlation levels between age-related transcript changes in WT or Htr1b KO mouse CTX and two areas of the human prefrontal CTX. All P < 0.005, except WT18 versus BA47, P = 0.01. Correlations were based on age-effect in rodent (P < 0.001) and identifiable human orthologs (WT, n = 88 genes; KO, n = 271 genes). (f) Selected genes with conserved age-effects in CTX between mouse and human. Values are in average log 2 (old/ young ratio) (red: increased; blue: decreased). See Supplementary Table S3 for additional genes and details. BA9/47, Brodmann areas 9/47.
A role for Bdnf in age-related transcriptome changes and in the Htr1b KO molecular phenotype? Altered neurotrophic function, including 5-HT/Bdnf interactions, has been suggested to mediate some of the age-related changes occurring in the brain. 25 Here, we confirmed the previously reported downregulation of Bdnf transcripts with age in CTX 36, 43, 55 (WT: À1.63-fold change, P = 0.006; KO: À2.24-fold change, P = 0.002; Supplementary Tables S1 and S3) and showed that changes followed an 'early' pattern in Htr1b KO mice (Supplementary Table S1 ), thus suggesting a potential causative role for altered Bdnf function in the Htr1b KO age-related phenotype. Therefore, to investigate the potential contribution of Bdnf to the molecular phenotype of Htr1b KO mice, we took advantage of a recent report describing CTX gene expression changes occurring downstream from altered Bdnf function in Bdnf KO mice (embryonic or adult Bdnf KO , see 37 ) and investigated similarities between Bdnf-and age-induced transcriptome changes. In particular, if changes in Bdnf function participated in the age-related Htr1b KO molecular phenotype, then the effect of Bdnf KO on altered gene transcripts would correlate with the effect of aging, and should mostly follow an early pattern of changes in Htr1b KO mice. Here, we identified a moderate, but significant, correlation between changes in Bdnf KO mice and age-related changes in Htr1b KO or WT mice (r = B0.20, P < 0.05). Correlations with age-related profiles were slightly higher for adult (r = 0.22, P < 0.05, n = 98 genes) versus embryonic Bdnf KO -induced changes (r = 0.17, P < 0.05, n = 173 genes). Correlations with Bdnf KO -induced changes were also slightly higher when compared to age-related changes in Htr1b KO (r = 0.23, P < 0.05, n = 271 genes) versus WT mice (r = 0.20, P < 0.05, n = 271 genes). Importantly, genes affected by both Bdnf and aging displayed age-related trajectories that were evenly distributed between 'early' and 'late' patterns on WT/Htr1b KO differences (i.e. 50% 'early' patterns genes), suggesting that Bdnf downregulation did not play a major role in the early onset of age-related events in Htr1b KO mice. Supplementary Table S4 . (h) Proportional representation of genes with 'early' (10 months) or 'late' (18 months) patterns of initial WT-KO differences in age-related trajectories within the main age-related functions. *P < 0.001, difference from expected proportions (white column and hatched bar).
Together, these comparative studies revealed a potential active role for Bdnf in age-related changes, as altered gene expression induced by decreased Bdnf correlated with aspects of the molecular correlates of aging in the brain (r = B0.20, P < 0.05). However, our studies also suggested that the early age-related phenotype in Htr1b KO mice was independent of the role of Bdnf in aging.
Increased age-related sirtuin 5 gene expression What possible mechanism could induce the early onset of age-related events in Htr1b KO mice? Out of B45 000 transcripts tested, only eight gene transcripts displayed consistent genotype differences in CTX and STR (Supplementary Table S5 ), including at the 3-month time point that preceded the behavioral differences. Two of these probes corresponded to the sirtuin 5 gene (Sirt5), which belongs to a family of protein deacetylases that regulate life span in yeast, Caenorhabditis elegans and drosophila. 56 Increased Sirt5 transcripts were confirmed by qPCR and in situ hybridization and displayed a pattern of increased levels in Htr1b KO mice, converging toward WT levels at 24 months ( Figure 6 ). The role of sirtuin genes in replicative and chronological aging in lower eukaryotes and mammalian cells is complex 57, 58 and whether the reported increased Sirt5 transcripts, and potentially sirtuin 5 function, may mediate the early onset of aging in Htr1b KO mice or represent an early adaptive mechanism is currently under investigation.
Discussion
Together our studies have demonstrated that altering 5-HT signaling through the disruption of the 5-HT 1B presynaptic autoreceptor can modulate the onset of selected age-related events in the central nervous system. We have shown that the lack of 5HT 1B Rmediated signaling induced both an early age-related motor decline ( Figure 1 ) and an early shift of the characteristic gene expression signature of aging in the brain (Figure 5 ), ultimately resulting in decreased longevity (Figure 1) . Our results also suggested that the age-related phenotype in Htr1b KO mice may have originated in the brain, as peripheral markers revealed no effect (intestinal tract), or changes suggesting protection or adaptive mechanisms (insulin and IGF-1 systems, Figure 2 ) against deleterious aspects of the early onset of age-related events. As aging can be viewed as the accumulation of a variety of events that together create in essence a chronic challenge to the brain, and since the 5-HT system is a key system for homeostatic control and adaptation to stress, 59 we have provided here evidence supporting the notion that the interaction of 5-HT with this challenge influences age-dependent behavior and molecular events.
Investigating the nature and progression of agerelated changes in brain gene expression throughout the adult life, we have uncovered profound changes in Htr1b KO mice, which were characteristic of an early onset of brain molecular aging (Figure 4 ). The agerelated nature and early onset of the brain molecular phenotype in Htr1b KO mice was further confirmed by cross-species comparisons with the correlates of aging in the human brain. 36 Indeed age-related changes occurring in the CTX of WT or Htr1b KO mice significantly predicted age-related changes in two areas of the human CTX, and identified numerous individual genes with similar age-effects across species (Figure 4 and Supplementary Table S3) , thus demonstrating a phylogenetic conservation of the molecular correlates of aging from mouse to human. These analyses confirmed numerous prior findings at the level of individual genes (e.g. Gfap, Bdnf, MOBP, complement activation, etc.; Supplementary Table  S3 ), but to our knowledge, this is the first large-scale demonstration of a rodent-human phylogenetic conservation of age-effect in the mammalian CTX, thus validating the use of rodent models to recapitulate aspects of aging of the human brain. Importantly, these cross-species comparisons confirmed the agerelated nature and the early onset of the brain (Figure 4e) .
Imaging and molecular studies suggest that agerelated changes are continuous and progressive throughout the human adult life span. 1, 2, 36, 53 Here we provided evidence supporting the notion of a 'maximum' age-related molecular effect. Indeed, Htr1b KO mice reached an apparent peak in age-related changes in gene transcript levels at 18 month of age ( Figure 5 ), which had not yet been attained at the latest time point investigated in WT mice (24 month of age). Interestingly, the timing of this 'maximum' age-effect corresponded to the age where death events started to occur in the KO group, suggesting a failure of the system at maintaining proper homeostasis past this point. Indeed, the decreased correlations of agerelated transcriptome profiles that were observed between very old Htr1b KO mice and either control mice or human subjects ( Figure 2 ) may have reflected the presence of secondary and less-specific events occurring beyond a certain maximum age-related effect. Nevertheless, despite the potential occurrence of a late breakdown in homeostasis, our results demonstrated mostly a parallel and early age-related phenotype in Htr1b KO mice. This trajectory was different from the exponential acceleration in agerelated phenotypes and mortality that is commonly observed in mouse models of peripheral/somatic agerelated mechanisms. [60] [61] [62] [63] In particular, the increased hazard ratio in Htr1b KO mice (Figure 1h ) appears to be mostly due to a shift of death events toward earlier ages, rather than a progressive increase in frailty leading to an exponential homeostatic failure. [60] [61] [62] [63] This parallel, rather than exponential, trajectory is consistent with a progressive and cumulative effect over time, rather than an acute and early mechanistic switch leading to a catastrophic failure of the system. Here we suggest that this parallel age-related trajectory in Htr1b KO mice is consistent with an altered capacity of the 5-HT system to initially respond to the chronic challenge that is formed over time by various events occurring during brain aging. Indeed, as typical longevity and molecular curves display early 'buffer' periods where the cumulative effects of aging are not yet observed (i.e. 3-to 12-month behavioral and gene expression time points in WT), Htr1b KO mice display a reduced 'buffer' period (3-months time point), resulting in an early onset, rather than altered progression, of age-related phenotypes.
To identify potential mechanisms mediating the early onset of the Htr1b KO age-related phenotype, we proceeded with both unbiased surveys of cellular and biological functions and with directed evaluation of markers for candidate biological systems. Systematic analyses of functional relationships and of temporal patterns between age-affected genes ( Figure 5 ) did not identify any novel biological functions being recruited during aging in Htr1b KO mice, but rather suggested a global and early onset of the molecular signature of 'normal' aging in the brain of Htr1b KO mice. Regarding candidate systems, a leading hypothesis for age-related mechanisms centers on the role of oxidative stress and inflammation, as mediators of neuronal damage and subsequent increase in reactive astrocytes. 14, 64 Here, our combined observations of decreased ranked representation of inflammation-related functions in the brain, of late appearance of WT/KO differences of a cellular marker of inflammation (Gfap; Figure 5e and f) and of evidence of reduced peripheral inflammation (IgG, Figure 2f) did not support the notion that inflammation-related events mediated the early onset of aging in Htr1b KO mice. Nevertheless, we cannot rule out the possibility that additional peripheral mechanisms may have contributed to the phenotype, especially in the absence of more direct measurements of reactive oxygen species-mediated damage such as lipid peroxidation and protein carbonylation, which may have contributed to the shortened life expectancy.
Bdnf is a neurotrophic factor supporting neuronal functions during development and in the mature brain. Correlative evidence of decreased Bdnf transcript levels with age in the human frontal CTX 36, 43, 55 has suggested the possibility of a causative role in brain aging. Here, we confirmed the downregulation of Bdnf with aging in the mouse CTX. We also identified a modest but significant correlation between the effects of Bdnf hypofunction in Bdnf KO mice 37 and the gene expression correlates of aging in mouse CTX (r = B0.20, P < 0.05), suggesting that aspects of aging in the brain may occur as a consequence of downregulated Bdnf function. However, although interactions between 5-HT and Bdnf have been documented 65 and hypothesized to both concur with IGF-1 to influence age-related events, 25 our results suggest an age-related phenotype in Htr1b KO mice that is independent of Bdnf function. On the other hand, our studies provided supporting evidence for potential interacting mechanisms between 5-HT and the previously identified age-related IGF-1 and sirtuin systems. A nonsignificant trend toward downregulated levels of circulating IGF-1 levels in Htr1b KO supports the notion of 5-HT/IGF-1 interaction during aging. In this case, lower IGF-1 levels would be protective against aging 51 and thus it is not known whether lower IGF-1 levels represented a direct consequence of altered 5-HT function or rather a reactive/protective process against the detection of an early onset of age-related symptoms, as recently hypothesized for age-related processes in peripheral organs. 66 Interestingly, a clear upregulation of sirtuin 5 gene expression was identified in the brain of Htr1b KO mice. Sirtuin genes are major cellular components of age-related pathways; however, their role in replicative and chronological aging in lower eukaryotes and mammalian cells is complex. 57, 58 The role of altered Sirt5 transcripts in the age-related phenotype in Htr1b KO mice is currently under investigation, including as a potential mediator of 5-HT control over homeostasis, or as an early mechanism for altering the onset of age-related phenotypes, since Sirt5 transcript changes preceded the appearance of age-related behavioral and molecular changes. Nevertheless, it suggests that the differentiated central nervous system may share common molecular and/or cellular components with age-related mechanisms in peripheral somatic tissues.
Although the observed phenotype originated from a deficiency in 5-HT-mediated presynaptic inhibition, a limitation in the analysis of potential mechanisms supporting the observed phenotype resides in the fact that the deletion of this receptor altered the kinetics of the 5-HT system, 27, 31, 32 and thus could have influenced the behavior, molecular and longevity phenotypes through altered signaling at other 5-HT receptors. Therefore, the observed phenotypes should be considered in the context of altered 5-HT-mediated functions in Htr1b KO mice. This observation relates to our initial choice of the Htr1b KO mice for investigating the role of 5-HT into aging, as we hypothesized that a disrupted 5-HT homeostasis may initially more closely model the evidence of a deregulated control of 5-HT during aging (see Introduction). Moreover, other neurotransmitters systems interacting with 5HT 1B R and not investigated here may have played a role in the mutant phenotype. In particular, changes in cholinergic functions may have occurred, as suggested by Buhot et al., 44 in view of complex changes in memory functions in aging Htr1b KO mice. 44 The presence of an early deficit in motor behavior was consistent with the role of 5-HT 1B R in motor function. 28 The distribution and functional contribution of 5-HT 1B R in the spinal cord and cerebellum are low, 67, 68 whereas the nature of the phenotype indicated a deficit in complex motor behavior (rotarod and coat hanger tests), rather than a decrease in locomotor and/or muscle strength (total activity and rearing in open field and EPM; early occurrence rather than accelerated frailty). This suggested a deficit in higher coordination, rather than a potential degeneration of spinal motor neurons, although a direct examination of the integrity of these neurons will be necessary to rule out this possibility. In the central nervous system, 5-HT 1B R indirectly regulates DA release in STR. 31 No evidence of altered DA terminal density and area was identified in STR of old (and young) WT or KO mice (Figure 3) , thus also excluding a structural downregulation of the DA system as the cause of the motor deficits in young Htr1b KO mice, although a role for altered DA kinetics in aging KO animals can not be ruled out. Moreover, the behavior decline could also be mediated through altered signaling at several other 5-HT receptors, due to altered 5-HT kinetics. 27, 31 Thus, currently the exact mechanism leading to the motor phenotype is unknown, and may involve additional brain areas and systems not investigated here. Due to the complex biological nature of motor coordination and for the purpose of this study, we have considered the Htr1b KO motor phenotype as an indicator of changes in overall age-related functions, while we have concentrated our molecular studies on FC and STR, as two brain areas with well-described roles for 5-HT 1B R. Furthermore, investigating the FC allowed for the direct comparison of age-related molecular changes in WT and Htr1b KO mice with our prior characterization of aging in the human brain. 36 Eventually, studies using regional-, cell type-and time-specific targeted manipulations of 5-HT 1B R in conditional mutant mice will be necessary to investigate the more specific roles of critical brain regions, time periods and interacting neurotransmitter systems that may participate in the different aspects of the behavioral and molecular phenotypes, and that underscore the increased vulnerability to age-related events in Htr1b KO mice. In conclusion, our studies suggest a brain-driven age-related phenotype in mice lacking the presynaptic 5-HT 1B R. The notion of altered longevity and early onset of age-dependent events due to changes in the brain represents an important novel finding, which is however not unprecedented. For instance, in lower eukaryotes, the well-characterized changes in longevity due to mutations in the IGF-1 pathway is rescued only when signal transduction is restored in neurons and not in other cell types of nematodes 69 and flies, 70 therefore providing supporting evidence for a control of age-related processes by the brain. Here, as the 'onset' rather than the 'nature' of aging was affected in Htr1b KO mice, 5-HT can be considered a modulator of 'normal' aging of the brain, consistently with its role in adapting to environmental challenges and maintaining homeostasis. As the 5-HT system is the target of chronic pharmacological interventions for psychiatric and other diseases, these results raise the possibility of long-term and/or agerelated consequences to 5-HT manipulation that will need to be addressed in future studies. Pursuant is the potential for altered molecular and/or behavioral agerelated trajectories in correlation with genetic polymorphisms in the Htr1b gene or other key regulators 71 of the 5-HT system.
